Introduction {#sec1}
============

Self-organization of organic molecules, playing the role of ligands, by metal coordination to generate supramolecular architectures of different shapes and sizes is an intensely attractive area in supramolecular chemistry.^[@ref1]^ In the context of ligand design, pyridine derivatives exhibit high stability and tolerance to fluctuating redox environments and have been ubiquitously employed for the construction of metallosupramolecular entities,^[@ref2]^ as well as in crucial catalytic transformations, as Ir^III^(2-phenylpyridinato)~3~ and \[Ru^II^(2,2′-bipyridine)~3~\]^2+^ complexes^[@ref3],[@ref4]^ are known to be efficient photoredox systems.^[@ref5]^ Examples of multinuclear Ag(I) discrete complexes and coordination polymers with pyridyl ligands have been reported,^[@ref6],[@ref7]^ owing to the excellent affinity of Ag(I) ions for N-donor ligands and their highly flexible coordination geometry, which can vary from linear^[@ref8]^ to trigonal,^[@ref9]^ tetrahedral,^[@ref10]^ square-planar,^[@ref11]^ trigonal pyramidal,^[@ref12]^ T-shaped,^[@ref13]^ and octahedral.^[@ref14]^ In addition, adjacent metal centers in multinuclear Ag(I) complexes may form argentophilic closed-shell interactions,^[@ref15]^ which significantly influence a supramolecular topology and photophysical characteristics of the complexes, such as luminescence.^[@ref16]^ A conformationally flexible ligand based on the 2,2′-bipyridine motif was used to prepare a series of 1D and 2D Ag(I) coordination polymers having different topologies, which were dictated by the choice of different counteranions and solvents.^[@ref17]^ 2,2′-Bipyridine was also found to be the ligand of choice to ensure an appropriate environment for the stabilization of Ag(II) ions, as reported by Kandaiah et al.^[@ref18]^ Multimetallic Ag(I)-pyridyl complexes have found potential applications as photoactive materials,^[@ref19]^ biologically active agents,^[@ref20]^ and catalysts.^[@ref21]^ For instance, a dinuclear Ag(I) complex containing tris(2-pyridyl)phosphine ligands shows blue thermally activated fluorescence,^[@ref22]^ while a disilver(I) compound with a terpyridine ligand efficiently catalyzes the aziridination of olefins.^[@ref23]^ Two dipyridylquinoxaline-type ligands coordinated to two Ag(I) ions by using three nitrogen atoms of each ligand to form discrete boxlike dimers with promising redox and luminescent properties.^[@ref24]^ Interestingly enough, the reaction of hexakis(2-pyridyl)\[3\]radialene with AgBF~4~ resulted in the formation of a hexapodal metallosupramolecular assembly of the M~6~L~2~ type with an encapsulated fluoride anion.^[@ref25]^

Molecules based on the hexaarylbenzene^[@ref26]^ core containing multiple donor sites appear to be attractive in the development of new coordination building blocks due to their unique propeller-shaped topology. Recently, we have reported a microwave-promoted synthesis of hexaheteroarylbenzenes based on a multiple iterative C--H activation protocol and preliminary results of their complexation with Ru(II), Pd(II), and Pt(II) atoms to give only dinuclear complexes.^[@ref27]^ Thus, a new easy access to hexaarylbenzene ligands offers options for novel metal-driven self-assembled architectures, such as thiazole-containing hexaarylbenzenes, which were utilized in complexation with Ag(I) and Pt(II) ions to assemble molecular rotors.^[@ref28]^ The Shionoya group designed a tris-monodentate hexaarylbenzene-type ligand with three alternately attached 3-pyridyl and *p*-tolyl groups, which was used in the preparation of capsule-shaped and cage-shaped complexes via self-assembly of four ligand molecules and four or six Ag(I) ions.^[@ref29]^ Lee and co-workers reported monomeric dinuclear Cu(I) and Cu(II) complexes with hexakis(2-pyridyl)benzene derivatives, which exhibited the fluxional motion of two copper ions.^[@ref30]^ However, the chemistry of Ag(I) coordination complexes based on hexakis(heteroaryl)benzene ligands with six N-donor sites is still unexplored.

Taking into account our previous work on the complexation of a hexakis(pyridin-2-yl)benzene ligand (**2**) with selected transition metals,^[@ref27]^ we envisioned that hexakis(azaheteroaryl)benzene-type ligands could interact with Ag(I) ions so as to minimize electrostatic repulsion between positively charged metal centers. Herein we describe, on the basis of a unique cooperation of ligands hexakis(pyridin-2-yl)benzene (**2**) and 2,4,6-tris(pyridin-2-yl)-1,3,5-tris(quinolin-2-yl)benzene (**3**) with fluoride anion inclusion and argentophilic interactions, the synthesis and complete characterization of three novel unexpected multinuclear Ag(I)-polypyridyl cationic complexes: \[Ag~4~F(**2**)~2~\]^3+^, \[Ag~4~F(**3**)~2~\]^3+^, and \[Ag~5~F(**2**)~2~\]^4+^.

Results and Discussion {#sec2}
======================

Hexakis(azaheteroaryl)benzene ligands **2** and **3** were readily synthesized from coupling reactions of 2-phenylpyridine (**1a**) and 1,3,5-tris(pyridin-2-yl)benzene (**1b**) with 2-bromopyridine or 2-bromoquinoline via Ru(II)-catalyzed multiple C--H functionalization under microwave conditions in water ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref27]^

![Reaction conditions: (i),^[@ref27]^ (ii) **2** or **3** (0.05 mmol), AgOTf (0.075 mmol), AgF (0.025 mmol), MeOH (1 mL), rt in the dark 12 h; (iii) **2** (0.05 mmol), AgOTf (0.125 mmol), AgF (0.025 mmol), MeOH (1 mL), rt in the dark 12 h.](ic9b03664_0007){#sch1}

To investigate the coordination properties of the synthesized propeller-like ligands with Ag(I) ions, the ligand **2** was first treated with 3 equiv of AgOTf in MeOH at room temperature in the dark for 12 h. A white solid, isolated by MeOH/Et~2~O precipitation, was a mixture of products according to ^1^H NMR analysis in a deuterated acetone solution. However, after slow evaporation of acetone a few crystals were formed and were suitable for X-ray analysis. We were able to elucidate the stoichiometry of the complex from diffraction data, which was additionally confirmed by elemental analysis. To our surprise, the crystallized compound contained four Ag(I) ions in the sandwich-type cationic \[Ag~4~F(**2**)~2~\]^3+^ complex with two pyridyl ligands **2** arranged facetoface, and a fluoride anion coordinated in the middle of the square formed by Ag(I) ions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The six pyridyl nitrogen atoms of both ligands **2** in \[Ag~4~F(**2**)~2~\](OTf)~3~ interact with the highly positively charged \[Ag~4~F\]^3+^ nucleus of the complex. Similarly, Lu et al. reported Ag~4~L~2~ metallocage structures with trapped nitrate anions as a result of self-assembly of AgNO~3~ with tetratopic 1,2,4,5-tetrakis(benzoimidazolylmethyl)benzene ligands.^[@ref31]^

![X-ray structure of the \[Ag~4~F(**2**)~2~\]^3+^ cation. Hydrogen atoms have been omitted for clarity.](ic9b03664_0001){#fig1}

At this stage, the source of the fluoride anions remains unknown, but we speculate that they were present as an impurity in AgOTf and thus actively participated in the thermodynamically favorable self-assembly process. This hypothesis could actually explain the initially observed formation of the crystalline complex \[Ag~4~F(**2**)~2~\](OTf)~3~ in a small amount. After the complex stoichiometry was revealed (\[Ag^+^\]/\[**2**\]/\[F^--^\] ratio 4/2/1), the ligand **2** was mixed with 1.5 equiv of AgOTf and 0.5 equiv of AgF, giving the pure complex \[Ag~4~F(**2**)~2~\](OTf)~3~ in 78% isolated yield. The solution structure of the complex was revealed by ^1^H NMR spectroscopy and ESI-HRMS measurements (*m*/*z* 509.0100, 837.9912, 1824.9325: \[Ag~4~F(**2**)~2~\]^3+^, \[Ag~4~F(**2**)~2~OTf\]^2+^, and \[Ag~4~F(**2**)~2~(OTf)~2~\]^+^, respectively).

The ^1^H NMR spectrum of \[Ag~4~F(**2**)~2~\](OTf)~3~ in acetone-*d*~6~ shows only one set of four signals corresponding to pyridyl groups of both coordinated ligands **2** in the same environment. The pyridyl H-3, H-4, and H-5 proton signals are expectedly shifted downfield in comparison to the free ligand **2**, as a result of a loss in electron density upon coordination to Ag(I) ions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). In contrast, the resonance of the H-6 proton, which is in closest proximity to the metal binding site, remained unchanged. It can be seen from the solid-state structure of the complex that the two ligands **2** arranged face to face are rotated with respect to each other so that the pyridine ring of one ligand molecule is oriented toward the region between two pyridine rings of another ligand molecule ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Thus, all pyridine rings are approximately parallel and the H-6 protons are pointing close to the shielding cones caused by the motion of the π electrons in pyridine rings ([Figure S45](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03664/suppl_file/ic9b03664_si_001.pdf)). Presumably, the H-6 proton resonance experiences a downfield shift due to the electron-withdrawing effect of the Ag(I) ion which cancels out with the upfield shift attributed to an anisotropy effect of the pyridyl groups,^[@ref32]^ and consequently it remains unchanged.

The importance of fluoride anions for the successful generation of the supramolecular structure was additionally illustrated by reactions of ligand **2** with 2 equiv of AgPF~6~ or AgSbF~6~, which led to mixtures of products. On the other hand, the combination of AgPF~6~ or AgSbF~6~ with AgF in a 3:1 molar ratio again yielded the pure complexes \[Ag~4~F(**2**)~2~\](PF~6~)~3~ and \[Ag~4~F(**2**)~2~\](SbF~6~)~3~, as confirmed by comparison of their ^1^H NMR spectra with that resulting from the \[Ag~4~F(**2**)~2~\](OTf)~3~ complex. It is worth mentioning that the reaction of ligand **2** with 2 equiv of AgF solely furnished a mixture of products, indicating that the presence of weakly coordinating counterions, such as TfO^--^, SbF~6~^--^, and PF~6~^--^, is not negligible in the self-assembly process.

The isostructural tetranuclear complex \[Ag~4~F(**3**)~2~\](OTf)~3~ but with the hybrid quinolinyl-pyridyl ligand **3** was prepared and isolated in 71% yield by reacting **3** (1 equiv), AgOTf (1.5 equiv), and AgF (0.5 equiv). Its solid-state structure was unambiguously determined by X-ray analysis revealing a symmetric sandwich-type complex analogous to \[Ag~4~F(**2**)~2~\](OTf)~3~ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![X-ray structure of \[Ag~4~F(**3**)~2~\]^3+^. Hydrogen atoms have been omitted for clarity.](ic9b03664_0002){#fig2}

An MS-ESI analysis provided the nature of ions characteristic of the complex \[Ag~4~F(**3**)~2~\](OTf)~3~ present in solution, which were verified by comparison of the isotopic patterns between observed and simulated peaks ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03664/suppl_file/ic9b03664_si_001.pdf)). The major peaks correspond to \[Ag~4~F(**3**)~2~\]^3+^, \[Ag~4~F(**3**)~2~OTf\]^2+^, and \[Ag~4~F(**3**)~2~(OTf)~2~\]^+^ species, indicating the presence of a multinuclear structure also in solution. While the solid-state structure of \[Ag~4~F(**3**)~2~\](OTf)~3~ indicates two slightly different pyridine and quinoline environments ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), a highly symmetric structure in acetone-*d*~6~ solution was evidenced by ^1^H NMR spectroscopy, which displayed only one set of resonances for pyridyl and quinolinyl groups in both coordinated ligands **3**. Variable-temperature ^1^H NMR measurements (240 → 300 K) of the complex \[Ag~4~F(**3**)~2~\](OTf)~3~ in acetone-*d*~6~ showed no signal doubling or line broadening ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03664/suppl_file/ic9b03664_si_001.pdf)). These observations suggest a dynamic process in solution, which, however, cannot be suppressed by cooling to only 240 K.

We speculated that more than four Ag(I) ions could coordinate to the ligand **2** by simply changing the \[**2**\]/\[Ag^+^\]/\[F^--^\] ratio. Indeed, when the ligand **2** was treated with 2 equiv of AgOTf and 1 equiv of AgF, in addition to the proton signals for ligand **2** incorporated in the complex \[Ag~4~F(**2**)~2~\](OTf)~3~, another set of signals appeared in a symmetrical pattern ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). All four new pyridyl signals are shifted downfield by 0.15--0.27 ppm relative to resonances of the ligand **2** in the complex \[Ag~4~F(**2**)~2~\](OTf)~3~. This indicated a decrease in electron density upon coordination of the nitrogen lone pair to the silver metal center and suggested a highly positively charged species. After the amounts of silver salts were changed to 2.5 equiv of AgOTf and 0.5 equiv of AgF, the pure complex \[Ag~5~F(**2**)~2~\](OTf)~4~ was isolated by MeOH/Et~2~O precipitation in 86% yield.

![^1^H NMR spectra (500 MHz, acetone-*d*~6~, 296 K): (a) free ligand **2**; (b) pure \[Ag~4~F(**2**)~2~\](OTf)~3~; (c) mixture of \[Ag~5~F(**2**)~2~\](OTf)~4~ and \[Ag~4~F(**2**)~2~\](OTf)~3~ resulting from 2/1/1 \[AgOTf\]/\[**2**\]/\[AgF\]; (d) pure \[Ag~5~F(**2**)~2~\](OTf)~4~.](ic9b03664_0003){#fig3}

The structure of the complex \[Ag~5~F(**2**)~2~\](OTf)~4~ was determined by X-ray crystallography and revealed that the pentagonal unit of Ag(I) ions with a centrally included fluoride anion is coordinated to both ligands **2** in a symmetrical sandwich-shaped structure ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This is consistent with the four proton signals of the coordinated ligand **2** indicating a highly symmetrical structure also in solution ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). It is worth noting that, while four Ag(I) ions are retained in the pentanuclear complex via coordination to both polydentate ligand molecules and a fluoride anion, the fifth Ag(I) ion has interactions with only pyridyl nitrogens.

![X-ray structure of \[Ag~5~F(**2**)~2~\]^4+^. Hydrogen atoms have been omitted for clarity.](ic9b03664_0004){#fig4}

To investigate the formation of different complexes, reactions of ligand **2**, 0.5 equiv of AgF, and 1.5--2.5 equiv of AgOTf were performed, and crude reaction mixtures were analyzed by ^1^H NMR spectroscopy ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). When the total amount of Ag(I) ions (from AgF and AgOTf) surpassed 2 equiv relative to the ligand **2**, the molar portion of the complex \[Ag~4~F(**2**)~2~\](OTf)~3~ in the reaction mixture started to decrease, and simultaneously the amount of the product with five coordinated Ag(I) ions started to increase. Once the molar ratio \[Ag(I)\]/\[**2**\] reached 2.6 (2.1 equiv of AgOTf and 0.5 equiv of AgF), the complex \[Ag~5~F(**2**)~2~\](OTf)~4~ was formed as the sole product regardless of the additional amount of AgOTf.

![Proportions of Ag(I) complexes in crude reaction mixtures as a function of different \[Ag(I)\]/\[**2**\] ratios, determined by ^1^H NMR spectroscopy.](ic9b03664_0005){#fig5}

The aforementioned results indicate that the self-assembly process can be regulated by a subtle choice of \[Ag(I)\]/\[**2**\] ratio and more importantly imply a possible structure interconversion ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Indeed, the complex \[Ag~5~F(**2**)~2~\](OTf)~4~ can be easily formed from a methanolic solution of \[Ag~4~F(**2**)~2~\](OTf)~3~ by adding a 1.5-fold excess of AgOTf, and it was isolated by MeOH/Et~2~O precipitation in 61% yield. On the other hand, if the pentanuclear complex \[Ag~5~F(**2**)~2~\](OTf)~4~ was treated with water for 0.5 h at room temperature, the tetranuclear complex \[Ag~4~F(**2**)~2~\](OTf)~3~ was isolated in 72% yield. As evidenced by the X-ray structure of \[Ag~5~F(**2**)~2~\](OTf)~4~, one Ag(I) ion is not coordinated to the fluoride anion, and thus it can more easily dissociate from the complex due to the relatively weak Ag--N bond.^[@ref33]^ The MS-ESI spectrum of \[Ag~5~F(**2**)~2~\](OTf)~4~ showed only peaks for the main ions originating from the complex \[Ag~4~F(**2**)~2~\](OTf)~4~ (\[Ag~4~F(**2**)~2~\]^3+^, \[Ag~4~F(**2**)~2~TfO\]^2+^, and \[Ag~4~F(**2**)~2~(TfO)~2~\]^+^), additionally supporting the lability of one Ag(I) ion in solution ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03664/suppl_file/ic9b03664_si_001.pdf)). Addition of ligand **2** (0.5 equiv) and a large excess of KF to the methanolic solution of \[Ag~5~F(**2**)~2~\](OTf)~4~ induced its rearrangement into the complex \[Ag~4~F(**2**)~2~\](OTf)~3~, which was isolated in 80% yield. Notably, both complexes are stable in an N-coordinating solvent, such as acetonitrile, but the complex \[Ag~4~F(**2**)~2~\](OTf)~3~ quantitatively released the polydentate ligand **2** in the presence of chloride anions in methanol. This implies that chloride anions are not able to replace a fluoride anion via dissociation/association steps but rather they abstract Ag(I) ions by forming a less soluble AgCl salt.

![Interconversions among tetra- and pentanuclear complexes and ligand **2**.](ic9b03664_0006){#fig6}

Structural Analyses of Complexes {#sec3}
--------------------------------

### Structural Analysis of \[Ag~4~F(**2**)~2~\](OTf)~3~ {#sec3.1}

The crystallographic analysis revealed that the complex crystallizes in the *Pnnn* space group. The complex has a 3D sandwichlike shape with four silver ions forming a square between two ligands **2**. In both ligands, all six pyridine rings are directed toward the center of the complex with torsion angles from 83.5(4) to 85.4(4)°. Silver ions are coordinated with three pyridine nitrogen atoms and one fluoride anion. If the Ag···Ag interaction is neglected, the geometry around silver is almost tetrahedral. The distortion from perfect tetrahedral geometry can be determined by using the τ4 geometry index: τ4 = (360 -- (α + β))/141. The α and β values presented in the equation are the largest angles around the metal center. Values for τ4 vary from 1 for a perfectly tetrahedral to 0 for a perfectly square planar geometry.^[@ref34]^ The τ4 value for Ag1 is 0.86, which can be considered as an almost perfect tetrahedral coordination geometry. The distances for the Ag--N bonds are in the range from 2.216(6) to 2.427(8) Å, and the Ag--F distance is 2.3204(8) Å. A crystal structure also revealed the Ag···Ag interactions. The distances between two silver ions are 3.195(2) and 3.366(2) Å, which are shorter than the sum of two silver van der Waals radii (3.44 Å), indicating the presence of two strong and two weak argentophilic interactions in the complex cation.^[@ref15],[@ref35]^ Moreover, in the middle of the complex is F^--^, which is coordinated to four silver atoms (2.3204(8) Å). The anion is 3.081 Å from the benzene rings, thus indicating an anion−π interaction which is normally in the range 2--5 Å.^[@ref36],[@ref37]^ Nevertheless, the F^--^ anion enables the tetrahedral coordination around the silver atom and also partially neutralizes the positive charge which is a consequence of four silver cations in the close-packed complex.

### Structural Analysis of \[Ag~4~F(**3**)~2~\](OTf)~3~ {#sec3.2}

The complex crystallizes in the trigonal *P*3~2~2~1~ space group. The complex has the same sandwichlike shape and four silver ions in an almost square orientation coordinated by two ligands **3** as in \[Ag~4~F(**2**)~2~\](OTf)~3~. The pyridine and quinoline rings deviate from the benzene ring from 61.1(3) to 86.5(4)° and from 62.7(3) to 71.5(3)°, respectively. Ag1 is coordinated by one pyridine and two quinoline nitrogen atoms and a fluoride anion, while Ag2 is coordinated by two pyridine and one quinoline nitrogen atom and a fluoride anion. The distortions from a perfectly tetrahedral geometry determined by τ4 are 0.83 and 0.84 for Ag1 and Ag2, respectively, indicating almost perfect tetrahedral coordination geometry (if the Ag···Ag interactions are neglected). The distances for the Ag--N~Py~ bonds are in the range from 2.249(5) to 2.491(5) Å and for the Ag--N~Quin~ bonds from 2.242(4) to 2.525(5) Å. The distances for Ag1···Ag1 and Ag2···Ag2 are 3.1171(9) and 3.2036(9) Å, respectively, and are shorter than the sum of van der Waals radii (3.44 Å). This indicates strong argentophilic interactions, while the Ag1···Ag2 distance is 3.5703(6) Å and is longer than sum of van der Waals radii, which means that there is no argentophilic interaction. The F^--^ anion in the center of the complex is coordinated to four silver atoms with Ag1--F and Ag2--F distances of 2.351(3) and 2.413(3) Å, respectively. On the other hand, F^--^ is 2.961 Å from the benzene rings, thus indicating an anion−π interaction.

### Structural Analysis of \[Ag~5~F(**2**)~2~\](OTf)~4~ {#sec50}

The complex crystallizes in the monoclinic *P*2~1~/*n* space group. The complex has the same sandwichlike shape as \[Ag~4~F(**2**)~2~\](OTf)~3~ and \[Ag~4~F(**3**)~2~\](OTf)~3~ but with five silver ions in an almost pentagonal orientation coordinated by two ligands **2**. The pyridine rings deviate from the benzene ring from 68.1(2) to 89.6(6)°. The Ag2, Ag3, and Ag4 silver ions are coordinated by three pyridine nitrogen atoms and a fluoride anion (τ4 = 0.80) and Ag1 is coordinated by two pyridine nitrogen atoms and an F^--^ anion while Ag5 is coordinated only by three pyridine nitrogen atoms (Ag5···F1 = 2.724(9) Å). Distances for Ag--N bonds are in the range from 2.201(9) to 2.714(11) Å. The distances for Ag···Ag are 2.9388(14)--3.0845(16) Å and are shorter than sum of van der Waals radii (3.44 Å), indicating strong argentophilic interactions. The F^--^ in the center of the complex is coordinated on four silver atoms with Ag--F distances of 2.397(7)--2.575(7) Å. The distances between F^--^ and benzene rings (2.971 and 2.980 Å) indicate anion−π interactions.

Conclusions {#sec4}
===========

In summary, we have demonstrated that hexakis(heteroaryl)benzenes **2** and **3**, bearing six radially extended nitrogen-coordinating groups, can serve as polydentate ligands (L) for the construction of multinuclear silver(I) sandwich-shaped complexes of the types Ag~4~FL~2~ and Ag~5~FL~2~. Generation of the complexes \[Ag~4~F(**2**)~2~\](OTf)~3~, \[Ag~4~F(**3**)~2~\](OTf)~3~, and \[Ag~5~F(**2**)~2~\](OTf)~4~ is initiated by a unique cooperation of ligand molecules, argentophilic interactions, and fluoride anion coordination in a self-assembled manner. The tetranuclear and pentanuclear complexes consist of Ag~4~ and Ag~5~ planar units with a centrally coordinated fluoride anion, located between two polydentate ligand molecules pointing all six of their nitrogen atoms toward the Ag~4~F or Ag~5~F plane. The reactions of ligands with AgX (X = OTf, PF~6~, SbF~6~) or AgF solely led to mixtures of products, indicating that the selective formation of the complexes is dictated by an appropriate choice of \[L\]/\[Ag^+^\]/\[F^--^\] ratio and noncoordinating counteranion. To the best of our knowledge, we have presented here the first examples of coordination complexes containing a highly positively charged \[Ag~4~F\]^3+^ or \[Ag~5~F\]^4+^ nucleus between two hexa(azaheteroaryl)benzene ligands. Interconversion between tetrasilver(I) and pentasilver(I) compounds was also demonstrated. The selectively prepared cationic species \[Ag~4~F(**2**)~2~\]^3+^, \[Ag~4~F(**3**)~2~\]^3+^, and \[Ag~5~F(**2**)~2~\]^4+^ offer a potential for catalytic applications that are currently being evaluated.

Experimental Section {#sec5}
====================

General Methods {#sec5.1}
---------------

All reagents were commercial grade and were used without further purification. The ligands **2** and **3** were prepared as previously reported by our group.^[@ref27]^ NMR spectra were recorded with a Bruker Avance III 500 MHz spectrometer. The ^1^H and ^13^C NMR chemical shifts are reported in parts per million (ppm) relative to the central line of the acetone-*d*~6~ signal (2.05 ppm for ^1^H and 29.8 ppm for ^13^C). The ^19^F NMR chemical shifts are reported relative to the signal of trifluoromethylbenzene (−63.22 ppm). IR spectra were obtained with a Bruker ALPHA FT-IR spectrophotometer. High-resolution mass spectra were recorded with a Thermo Fisher Q-Exactive instrument, while mass spectra were recorded with a Micromass Waters Q-TOF Premier instrument. Elemental analyses (C, H, N) were performed with a PerkinElmer 2400 Series II CHNS/O Analyzer.

\[Ag~4~F(**2**)~2~\](OTf)~3~ {#sec5.1.1}
----------------------------

A screw-cap scintillation vial was loaded with ligand **2** (28 mg, 0.05 mmol), AgOTf (19.5 mg, 0.075 mmol), and AgF (3.4 mg, 0.025 mmol). The mixture was dissolved in 1 mL of MeOH and stirred in the dark at room temperature for 12 h. After that time Et~2~O (2 mL) was added to precipitate the product, which was filtered off, washed with H~2~O (1 mL) and Et~2~O (2 × 1 mL), and dried to obtain the pure complex \[Ag~4~F(**2**)~2~\](OTf)~3~ (38 mg, 0.0195 mmol, 78% yield) as a white solid. Mp: \>300 °C dec. ^1^H NMR (500 MHz, acetone-*d*~6~): δ 8.10 (d, *J* = 5.0 Hz, 1H), 7.91 (d, *J* = 7.9 Hz, 1H), 7.74 (td, *J* = 7.7, 1.7 Hz, 1H), 7.17 (ddd, *J* = 7.6, 5.1, 1.3 Hz, 1H). ^13^C NMR (126 MHz, acetone-*d*~6~): δ 157.8, 150.3, 141.4, 138.7, 128.5, 124.1 121.6 (q, *J* = 322.0 Hz). ^19^F NMR (471 MHz, acetone-*d*~6~): δ −78.6 (OTf), −315.9 (F^--^). IR (ATR): 1592, 1566, 1483, 1405, 1256, 1221, 1151, 1027, 997, 806, 754, 635 cm^--1^. HR-MS (ESI): *m*/*z* calcd for C~72~H~48~N~12~FAg~4~ \[M -- 3OTf\]^3+^ 509.0099, found 509.0100. Anal. Calcd for C~75~H~48~Ag~4~F~10~N~12~O~9~S~3~·3H~2~O: C, 44.31; H, 2.68; N, 8.27. Found: C, 44.25; H, 2.45; N, 8.19.

\[Ag~4~F(**3**)~2~\](OTf)~3~ {#sec5.1.2}
----------------------------

A screw-cap scintillation vial was loaded with ligand **3** (34.5 mg, 0.05 mmol), AgOTf (19.5 mg, 0.075 mmol), and AgF (3.4 mg, 0.025 mmol). The mixture was dissolved in 1 mL of MeOH and stirred in the dark at room temperature for 12 h. After that time Et~2~O (2 mL) was added to precipitate the product, which was filtered off, washed with H~2~O (1 mL) and Et~2~O (2 × 1 mL), and dried to obtain the pure complex \[Ag~4~F(**3**)~2~\](OTf)~3~ (40 mg, 0.018 mmol, 71% yield) as a white solid. Mp: \>300 °C dec. ^1^H NMR (500 MHz, acetone-*d*~6~): δ 8.38 (d, *J* = 8.5 Hz, 1H), 8.27 (d, *J* = 8.5 Hz, 1H), 8.16 (dt, *J* = 7.9, 1.1 Hz, 1H), 8.03 (d, *J* = 5.0 Hz, 1H), 7.84 (d, *J* = 7.9 Hz, 1H), 7.26 (ddd, *J* = 8.0, 6.9, 1.2 Hz, 1H), 7.01 (ddd, *J* = 7.6, 5.1, 1.3 Hz, 1H), 6.71 (d, *J* = 8.7 Hz, 1H), 6.52 (ddd, *J* = 8.5, 6.9, 1.3 Hz, 1H). ^13^C NMR (126 MHz, acetone-*d*~6~): δ 159.9, 158.1, 150.5, 146.2, 142.3, 141.5, 139.1, 139.0, 130.5, 129.0, 128.9, 128.5, 128.3, 127.8, 125.5, 124.3 121.6 (q, *J* = 322.0 Hz). ^19^F NMR (471 MHz, acetone-*d*~6~): δ −78.6 (OTf), −312.3 (F^--^). IR (ATR): 1604, 1569, 1327, 1259, 1165, 1122, 1078, 1029, 1020, 868, 729, 637 cm^--1^. ESI-MS: *m*/*z* for C~96~H~60~Ag~4~FN~12~ \[M -- 3OTf\]^3+^ 610.4. Anal. Calcd for C~99~H~60~Ag~4~F~10~N~12~O~9~S~3~: C, 52.17; H, 2.65; N, 7.37. Found: C, 46.00; H, 2.35; N, 6.16.

\[Ag~5~F(**2**)~2~\](OTf)~4~ {#sec5.1.3}
----------------------------

A screw-cap scintillation vial was loaded with ligand **2** (28 mg, 0.05 mmol), AgOTf (32.5 mg, 0.125 mmol), and AgF (3.4 mg, 0.025 mmol). The mixture was dissolved in 1 mL of MeOH and stirred in the dark at room temperature for 12 h. After that time Et~2~O (2 mL) was added to precipitate the product, which was filtered off, washed with H~2~O (1 mL) and Et~2~O (2 × 1 mL) and dried to obtain the pure complex \[Ag~5~F(**2**)~2~\](OTf)~4~ (40 mg, 0.0215 mmol, 86% yield) as a white solid. Mp: \>300 °C dec. ^1^H NMR (500 MHz, acetone-*d*~6~): δ 8.38 (d, *J* = 5.1 Hz, 1H), 8.15 (dt, *J* = 7.9, 1.2 Hz, 1H), 7.89 (td, *J* = 7.8, 1.6 Hz, 1H), 7.32 (ddd, *J* = 7.7, 5.2, 1.3 Hz, 1H). ^13^C NMR (126 MHz, acetone-*d*~6~): δ 157.3, 152.1, 141.9, 140.2, 129.7, 125.2 121.3 (q, *J* = 321.2 Hz). ^19^F NMR (471 MHz, acetone-*d*~6~): δ −78.7 (OTf), −284.5 (F^--^). IR (ATR): 1592, 1565, 1434, 1405, 1258, 1221, 1150, 1028, 997, 806, 754, 635 cm^--1^. ESI-MS: *m*/*z* for C~72~H~48~Ag~4~FN~12~ \[M −Ag -- 3OTf\]^3+^ 510.3. Anal. Calcd for C~76~H~48~Ag~5~F~13~N~12~O~12~S~4~·C~6~H~6~: C, 42.56; H, 2.35; N, 7.26. Found: C, 42.85; H, 2.40; N, 7.86.

\[Ag~4~F(**2**)~2~\] (PF~6~)~3~ {#sec5.1.4}
-------------------------------

A screw-cap scintillation vial was loaded with ligand **2** (28 mg, 0.05 mmol), AgPF~6~ (19 mg, 0.075 mmol), and AgF (3.4 mg, 0.025 mmol). The mixture was dissolved in 1 mL of MeOH and stirred in the dark at room temperature for 12 h. After that time Et~2~O (2 mL) was added to precipitate the product, which was filtered off, washed with H~2~O (1 mL) and Et~2~O (2 × 1 mL), and dried to obtain the pure complex \[Ag~4~F(**2**)~2~\](PF~6~)~3~ (48 mg, 0.0205 mmol, 82% yield) as a white solid. Mp: \>300 °C dec. ^1^H NMR (500 MHz, acetone-*d*~6~): δ 8.14 (d, *J* = 5.1 Hz, 1H), 7.78 (td, *J* = 7.6, 1.6 Hz, 1H), 7.74 (dt, *J* = 7.7, 1.3 Hz, 1H), 7.21 (ddd, *J* = 7.4, 5.0, 1.5 Hz, 1H). ^13^C NMR (126 MHz, acetone-*d*~6~): δ 156.5, 149.8, 140.8, 138.1, 127.3, 123.4. ^19^F NMR (471 MHz, acetone-*d*~6~): δ −72.5 (d, ^1^*J*~FP~ = 708.2 Hz, PF~6~^--^), −316.0 (F^--^). IR (ATR): 1593, 1486, 1404, 875, 836, 807, 754 cm^--1^. Anal. Calcd for C~72~H~48~Ag~4~F~19~N~12~P~3~·2H~2~O: C, 43.18; H, 2.63; N, 8.39. Found: C, 42.89; H, 2.30; N, 8.29.

\[Ag~4~F(**2**)~2~\](SbF~6~)~3~ {#sec5.1.5}
-------------------------------

A screw-cap scintillation vial was loaded with ligand **2** (28 mg, 0.05 mmol), AgSbF~6~ (26 mg, 0.075 mmol), and AgF (3.4 mg, 0.025 mmol). The mixture was dissolved in 1 mL of MeOH and stirred in the dark at room temperature for 12 h. After that time Et~2~O (2 mL) was added to precipitate the product, which was filtered off, washed with H~2~O (1 mL) and Et~2~O (2 × 1 mL), and dried to obtain the pure complex \[Ag~4~F(**2**)~2~\](SbF~6~)~3~ (45 mg, 0.02 mmol, 80% yield) as a white solid. Mp: \>300 °C dec. ^1^H NMR (500 MHz, acetone-*d*~6~): δ 8.14 (d, *J* = 5.0 Hz, 1H), 7.86--7.70 (m, 2H), 7.21 (ddd, *J* = 7.4, 5.1, 1.5 Hz, 1H). ^13^C NMR (126 MHz, acetone-*d*~6~): δ 157.3, 150.7, 141.8, 139.0, 128.2, 124.3. ^19^F NMR (471 MHz, acetone-*d*~6~): δ −123.2 (superposition of a sextet due to ^121^SbF~6~^--^ and an octet due to ^123^SbF~6~^--^, ^1^*J*~F^121^Sb~ = 1941, ^1^*J*~F^123^Sb~ = 1051 Hz), −316.4 (F^--^). IR (ATR): 1592, 1565, 1484, 1405, 997, 807, 753, 654 cm^--1^. Anal. Calcd for C~72~H~48~Ag~4~F~19~N~12~Sb~3~: C, 38.61; H, 2.16; N, 7.51. Found: C, 38.50; H, 2.08; N, 7.44.

X-ray Crystallographic Studies {#sec5.2}
------------------------------

Crystal data for complexes \[Ag~4~F(**2**)~2~\](OTf)~3~, \[Ag~4~F(**3**)~2~\](OTf)~3~·3H~2~O, and \[Ag~5~F(**2**)~2~\](OTf)~4~·2H~2~O·C~3~H~6~O·C~6~H~6~ were collected at 150 K on an Agilent Technologies SuperNova Dual diffractometer using monochromated Mo Kα radiation (λ = 0.71073 Å). The data were processed using CrysAlis Pro.^[@ref38]^ Structures were solved with the ShelXT^[@ref39]^ structure solution program using intrinsic phasing and refined by a full-matrix least-squares procedure based on *F*^2^ with ShelXL^[@ref40]^ implemented in the Olex^2^ program suite.^[@ref41]^ All non-hydrogen atoms were readily located and refined anisotropically unless otherwise noted. Hydrogen atoms were initially located in the difference Fourier maps and were subsequently included in the model at geometrically calculated positions and refined by using a riding model unless otherwise noted. For \[Ag~4~F(**2**)~2~\](OTf)~3~ the complex cation was readily located and refined; however, only a few atoms of the counterions were located, having very large anisotropic displacement parameters, and were in further steps of the refinement removed from the model. The scattering contributions of the disordered counterions were removed with a solvent mask procedure implemented in Olex^2^. The counterion contribution was not included in the reported molecular weight and density. Although the crystals were of low quality (*R*~int~ = 0.1833), the data were of sufficient quality to determine the structure the of complex cation. In the structure of \[Ag~4~F(**3**)~2~\](OTf)~3~·3H~2~O hydrogen atoms on water oxygen atoms were not found in difference Fourier maps and were not included in the refinement. One water molecule and one triflate anion were disordered over a 2-fold rotation axis in the fixed ratio 0.50/0.50. Water molecules O8--O10 were refined with a fixed occupancy of 0.33 and restrained *U*~*ij*~ components. Hydrogen atoms attached to water molecules O1 and O8--O10 were not found in Fourier difference maps and were not included in the model. Crystals of\[Ag~5~F(**2**)~2~\](OTf)~4~·2H~2~O·C~3~H~6~O·C~6~H~6~ were obtained by recrystallization from an acetone/benzene/ethyl acetate mixture, and the crystal structure contains electron density that belongs to disordered solvate molecules. One triflate anion was refined by fixing the coordinates of C76 and O11 and restraining *U*~*ij*~ components for O11, C76, F12, and F13. Benzene solvate molecule atoms C80--C85 were refined isotropically, and hydrogen atoms were not included in the model. Water molecules O14 and O16 were refined with a fixed occupancy ratio of 0.50 and restrained *U*~*ij*~ components. Hydrogen atoms attached to water molecules O14--O16 were not found in Fourier difference maps and were not included in the model. The scattering contributions of the disordered solvate molecules, including the unrecognized C~4~O~2~ fragment, were removed with a solvent mask procedure implemented in Olex^2^. The unmodeled solvent contribution was not included in the reported molecular weight and density. Although the crystals were of low quality and the wR2 values is 0.4596, the data were of sufficient quality to determine the molecular and crystal structure. Details of the crystal, data collection, and refinement parameters as well as selected bond distances and angles are given in [Tables S1--S4](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03664/suppl_file/ic9b03664_si_001.pdf) in the Supporting Information. The CCDC reference numbers are 1971156--1971158.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03664](https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03664?goto=supporting-info).Experimental procedures, tables of crystallographic details, NMR spectra, and MS spectra ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03664/suppl_file/ic9b03664_si_001.pdf))
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CCDC 1971156--1971158 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via [www.ccdc.cam.ac.uk/data_request/cif](http://www.ccdc.cam.ac.uk/data_request/cif), or by emailing <data_request@ccdc.cam.ac.uk>, or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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